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considerably  less  susceptible  to  injected  aerosol  samples.  The  helium  MIP  was 
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INTRODUCTION 

A new  design  of  resonant  cavity  for  the  generation  of  2^50  MHb 
alcrowave-lnduced  plasmas  (MIPs)  has  been  recently  described  (l).  The 
cavity  has  a minimal  Internal  voluias  so  that  energy  density  In  the  plasma 
chamber  at  a given  Input  power  level  Is  high  enough  to  allow  self- 
Ignltlon  of  a helium  plasma  at  atmospheric  pressure.  Subsequent  communi- 
cations (2,3)  concerning  this  cavity  have  dealt  with  the  theory  of  Its 
design,  probable  excitation  mechanisms  in  plasmas  formed  within  it,  and 
its  use  as  a halogen  and  nonmetallic  element  detector  for  gas  chromato- 
graphy. 

The  high  excitation  capability  and  greatly  Improved  stability  of 
atmospheric  pressure  helium  plasmas  formed  In  this  cavity:  suggest  Its 
further  application  as  an  excitation  source  for  metallic  elements  In 
aqueous  sample  solutions.  Accordingly,  wo  have  constructed,  with  minor 
modification,  a version  of  the  cavity  described  by  Beonakkor  (1-3) 
with  a mlcroarc  atonizatlon  unit  (4).  The  mlcroarc  atomizer  has  also 
been  modified,  to  enable  Its  operation  In  helium.  The  operational 
characteristics  df  the  rosuLtlng  mieroarc/MIP  excitation  source  and 
Its  usefulness  for  the  atomic  emission  detection  of  several  metallic 
‘I  elements  have  been  studied. 
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EXPERIMENTAL 
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A aodifled  microwave  cavity  was  aachlned  froa  a single  piece  of 
5 inch  (12.7  ca)  diaaeter  Cu  cylindrical  bar  stock.  The  finished  cavity, 
shown  in  Figvira  1,  is  about  1.3  inches  (3*8  ca)  thick  and  weighs  about 
3 pounds  (2.3  kg).  The  cavity  is  ssaentially  a fixed  well  10  aa  deep  with 
a removable  lid  held  in  place  by  12  bolts  to  ensure  good  electrical 
contact.  The  thickness  of  the  cavity  walls  and  bottoa  were  Increased 
over  those  of  the  previous  design  (l)  for  easier  construction  and  aechan- 
ical  stability.  Also,  the  alcrewave  power  input  connector  was  belted 
directly  to  the  cavity,  without  further  aedlflcatien  (l).  The  coupling 
loop  (l),  constructed  of  1 am  diaaster  Cu  wire,  extended  into  the  cavity 
10  aa  and  is  silver-soldered  to  the  cavity  bottom.  A 7 aa  hole  is  formed 
in  the  center  of  the  well  and  lid  to  allow  insertion  of  the  quarts  plasaa 
chamber  into  the  cavity.  Because  the  introduction  of  dielectric  aaterial 
such  as  the  quartz  chaaber  into  the  cavity  lowers  the  cavity^ s resonant 
frequency  (l,3)i  internal  diaaeter  of  the  cavity  must  bo  less  than 
the  resonant  3/^-«av’o  distance  calculated  to  be  93. 7**  at  2430  MHz. 

Thus,  the  cavity  was  constructed  with  an  internal  diaaeter  of  92.3>ui« 
which  can  bo  reduced  if  desired  by  means  of  ^”-40  brass  tuning  stubs 
located  on  the  cavity  (l). 

The  central  discharge  chamber  for  the  plasaa  was  fabricated  from 
quartz  tubing,  5*a  o.d.,  3aJ>  l.d.,  and  was  apprexlaatoly  3.5'^n  l*ng. 

This  chaaber  fit  snugly  into  a quartz  sleeve,  7iHi'>  o.d.,  i.d.,  which 

was  loft  in  the  cavity  at  all  times.  This  sleeve  prevented  introduction 
of  any  foreign  aet^.'lal  into  the  cavity  while  the  chamber  was  replaced  or 
adjusted  during  the  initial  setup  procedures.  Presumably,  the  quartz 
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sleeve  weuld  not  be  required  fer  a plaaea  system  ef  fixed  cenf iguratiea. 

A T-shaped  chaaber  extended  from  the  end  ef  the  plasaa  tube  (Figure  2) 
and  housed  the  aedlfied  nicrearc  atenizer.  The  was  bent  eut  ef  the 
optical  path  so  thernal  enissien  frea  the  aicrearc  was  net  seen  by  the 
detection  system. 

The  aicrearc  ateaizer  has  bean  described  previeusly  (4)  but  was 
aodified  in  this  work  to  allow  its  stable  and  efficient  fperatien  in  a 
heliua  environaent.  The  operating  voltage  was  Increased  frea  900V, 
normally  used  with  an  argon  nicrearc  discharge,  te  1800V  to  iapart  higher 
energy  to  the  lowor  nass  heliua  atoms.  Also,  the  anode  was  made  ef 
thoriated  tungsten  {2%  Th,  Alfa  Division,  Vontron  Gorp.,  Danvers,  Mass.) 
instead  of  stainless  steel | the  thoriated  tungsten  served  te  stabilize 
the  discharge  sooner  after  initiation.  Conveniently,  heliua  provides 
aore  rapid  and  aere  even  heating  of  the  tungsten  sample  filament  than  does 
argon.  The  filanent  was  V-shaped  and  constructed  of  0.5nn  H wire;  it 
would  hold  up  to  10  of  sample  solution. 

T^e  hel..un  support  gas  fer  the  nicroarc  and  plaska  was  supplied 
through  a 16  gauge  stainless  steel  syringe  needle  placed  parallel  te  but 
above  the  nicroarc  anode,  with  the  tip  of  the  needle  back  free  the 

flat  end  of  the  thoriated  tungsten  anode.  The  range  of  flow  rates  ef 
helium  for  stable  nicroarc  operation,  efficient  sample  transport,  and 
optlmuB  plasma  operation  was  experimentally  determined  to  be  between  300 
and  450  ml/mln.  A flow  rate  of  400  ml/aln  optlnlzed  the  time  fer  sample 
transport  through  the  plasma  and  provided  greatest  signal  levels. 

Figure  3 is  & schematic  diagran  ef  the  instrumental  array.  The  pewer 
supply  was  a continuously  variable,  lOOW  microwave  generator  (Model  HV-15A, 


4 


Sclntlllonlcs,  Inc.,  Fort  Collins,  Colo.)  oporatlng  at  2430  MHz.  A 
coaxial  cablo,  type  RG/8,  (Belden  Corp.,  Rlchaond,  Indiana)  traaaalttod 
the  microwave  power  to  a double-stub  tuner  (Model  306a,  PRD  Electronics, 
Westbury,  L.I.,  N.Y.)  which  was  connected  to  the  UG/58  RF  connector 
(^82  24,  Amphenol,  RF  Division,  Danbury,  Conn.)  located  en  the  cavity. 
Hlgh-purlty  helium  (99.9995^)  was  used  for  the  mlcroarc  and  microwave 
plasma.  The  mlcroarc  powor  supply  has  boon  doscrlbod  previously  (4). 

A plano-convex  lens,  of  aperture  f/4,  gathered  the  output  radiation  from 
the  plasma  and  focussed  It  on  the  entrance  silt  of  a modtum  resolution 
monochromator  (Model  BU-70C,  Heath  Co.,  Benton  Harbor,  Mich.).  A 
Hamamatsu  R212  photemultlpllor  tube  (KTV  Co.,  Ltd.,  Middlesex,  N.J.) 
was  used.  A plcoammetor  (Model  42?,  Kelthley  Instruments,  Inc.,  Cleveland, 
Ohio)  converted  the  phototube  current  to  a voltage  which  was  output  to 
either  a chart  recorder  (Model  SR-204,  Heath  Schlumbergor  Instruments, 
Benton  Harbor,  Mich.)  for  recording  peak  height  Information  or  a PDP-12 
laboratory  mlnlcompnt'r  (Digital  Equipment  Corp.,  Maynard,  Mass.).  The 
minicomputer  was  progxamnod  In  FORTRAN  IV  to  calculate  the  peak  area  of 
the  output  signal,  but  was  not  used  for  control  of  any  part  of  the 
experimental  system. 
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Ignition  of  the  Plasma  When  borosilicate  glass  tubing  is  used  as 

VVV‘V\;‘ VV' V' V V' % 

the  plasma  chamber  material,  the  helium  plasma  Is  self- Igniting  at 
atmospheric  pressure,  when  the  reflected  power  Is  tuned  below  lOW. 
Presumably,  self-lgnltlon  occurs  because  of  microwave  heating  of  the 
glass,  which  then  releases  enough  charged  species  to  couple  with  the 
Intense  microwave  field.  The  gaseous  species  act  to  supply  electrons  to 
"seed  " the  helium  and  lead  to  plasma  Ignition.  No  attempt  was  made  In  this 
work  to  Identify  these  "seed"  species,  since  the  borosilicate  glass  was 
deemed  unslutable  for  use  as  a plasma  tube  material  because  of  Its  short 
usable  lifetime. 

When  quartz  tubing  was  employed  for  the  plasma  chamber,  an  Insufficient 
amount  of  lonlzable  material  was  volatilized  to  enable  the  plasma  to  self- 
Ignlte.  However,  It  was  found  possible  to  Ignite  the  plasma  by  striking 
the  helium  mlcroarc.  Enough  material  Is  ordinarily  ejected  from  the  white- 
hot  mlcroarc  cathc ie  filament  to  "seed’’  the  helium  and  lead  to  Ignition. 
Nonetheless,  to  enhance  reliability,  routine  determinations  were  performed 
using  a Tesla  coll  to  Initiate  the  helium  plasma. 

Tuning  of  the  Cavity  Insertion  of  the  quartz  plasma  chamber  Into 
the  cavity  did  not  markedly  affect  the  tunablllty  of  the  cavity.  Tuning 
could  be  accomplished  . th  excUer  the  brass  tuning  screws  on  the  cavity 
or  with  the  douole-stub  tuner  on  the  UG/58  RF  connector.  Either  method 
produced  the  same  results;  consequently,  tfie  cavity  was  regularly  tuned 
using  the  double  stub  tuner,  so  the  holes  for  the  on-cavlty  tuning  screws 
could  be  employed  lor  cooling  (see  below). 

The  plesma  Ignited  readily  whenever  the  reflected  power  was  tuned 
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belaw  20W  and  75W  were  dlracted  to  the  cavity.  Unce  the  plasaa  eae  Ignited, 
the  reflected  power  could  be  easily  tuned  to  OW. 

Power  Applied  The  microwave  power  supply  was  generally  run  at  lOOW 
forward  power  (FT).  Exact  measurenents  of  the  microwave  powor  dissipated 
In  the  plasma  wore  not  taken,  although  the  power  utilized  by  the  plasaa 
was  clearly  less  than  the  lOOW  applied  since  some  of  this  power  was  lest 
as  heat  by  the  cavity. 

Cooling  The  cavity  thermally  stabilized  after  approximately  15 
minutes  from  the  time  of  first  plasaa  Ignition.  The  external  skin  temperature 
of  the  cavity  was  about  90*G  with  lOOW  FT  applied. 

The  utility  of  cooling  the  cavity  was  Investigated.  Using  the  double- 
stub tuner  for  tuning,  the  on-cavlty  tuning  screws  were  removed  and  the  holes 
used  for  cooling  of  the  cavity,  with  the  hole  on  the  outer  edge  of  the 
cavity  being  used  as  the  cooling  gas  Inlet.  The  cooling  gas  was  passed 
through  a drying  trap  and  a cooling  coll  (in  liquid  N2)  before  entering 
the  cavity.  Plas'i.  operation  and  signal -to- noise  ratio  wore  not  significantly 
affected  by  cooling  with  air,  nitrogen,  argon,  or  helium,  and  so  no  cavity 
cooling  was  used. 

Plasma  Stability  The  stability  of  the  plasma  was  determined  by 
monitoring  the  471. 3nm  Ho  1 line.  Ihe  time  constant  of  the  detection  system 
was  0.3  sec.  Fluctuation  of  the  emission  from  this  line  vas  less  than  1% 
over  3 hours,  after  a warm-up  period  of  approximately  I5  minutes. 

Plasma  Posltlo  .Ing  The  plasma  exists  as  a filament  approximately 
0-lOmm  long  and  1mm  In  diameter  In  the  center  of  the  3®®  l.d.  chamber.  The 
helium  plasma  never  extended  past  the  Internal  cavity  walls,  at  any  flow 
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rate,  whereas  the  Argon  plassae  usually  extend  about  out  the  ends  ef  the 
cavity.  With  50W  FT  or  less,  the  plasma  always  existed  exactly  In  the  center 
of  the  chamber}  Intensity  ef  emitted  radiation  was  greatest  at  the  plasma 
center  and  decreased  smoothly  out  to  the  chamber  walls.  Above  50W  FP 
the  plasma  would  rest  along  the  Inner  wall  of  the  chamber.  The  plasma 
never  moved  peiltlon  once  It  Ignited  along  the  wall,  resulting  In  etching 
of  the  quartz  wall  over  a period  of  time.  This  etched  region  served  as 
a site  for  collection  of  analyte  vapor  and  led  to  undeslrod  analyte  memory 
effects  and  broadened  signal  peaks.  Consequently,  the  chamber  must  be 
replaced  after  about  40  hours  of  plasma  operation.  If  plasma  powers  ever 
5OW  are  employed. 

Background  Characteristics  MIPs  generally  exhibit  uncomplicated 
background  spectra.  However,  a wavelength  scan  (200-600nn)  of  the  back- 
ground from  the  present  atmospheric-pressure  helium  plasma  showed  a signifi- 
cant number  of  prominent  spectral  features  of  both  line  and  broadband 
character.  The  wavelength  location  and  relative  Intensities  of  the  majority 
of  those  features  were  recorded  and  compared  to  those  of  molecular  species 
expected  In  such  a plasma  (6,7).  Table  T Is  a compilation  of  the  strongest 
features  found  and  Indicates  the  species  causing  each  feature.  The  presence 
of  all  of  the  Identified  molecular  bands  and  linos  can  be  understood  with  the 
aid  of  the  excitation  mechanisms  for  this  plasma  postulated  by  Beonakker  (3). 
Because  most  of  the  observed  molecular  features  originated  ftem  excitation 
of  atmospheric  species.  It  was  possible  to  reduce  their  level  simply  by 
closing  off  the  viewing  end  of  the  plasma  chamber  with  a quarts  window. 

It  also  would  bo  possible  to  eliminate  many  of  these  features  using 
wavelength  modulated  detection  (8). 


Plasma  Temperature  A nen-rlgoreus  determination  of  the  excitation 


temperature  of  the  plasma  Kas  made  for  comparative  purposes  with  similar 
MIPS.  The  relative  intensities  of  He  I lines,  shown  In  Table  II,  wore 
measured  and  a plot  of  log  j^IA  /g^  road®  (9»10).  The  slope 

of  this  plot  yielded  an  excitation  temperature  of  7250°K  for  this  plasma. 

This  temperature  compares  well  with  other  argon  and  helium  MIPs  whose 
excitation  temperatures  vary  between  450O  and  8300°K  (ll). 

Nebullzatlon  It  was  verified  that  the  new  helium  MIP  can  operate 
continuously  during  Input  of  a nebulized  aerosol,  as  claimed  by  Beenakker  (l). 
However,  the  plasma  Is  obviously  weakened  by  the  injected  aerosol  (about 
0,1  ml/mln  maximum)  and  becomes  less  stable.  Nonetheless,  the  resistance 
of  the  plasma  to  extinction  by  an  aqueous  aerosol  Indicates  Its  durability, 
compared  to  others  which  have  been  reported.  (4,  11 ) 

Analytical  Calibration  Curves  Figure  4 shows  analytical  calibration 
curves  for  Zn  I (213. °nm),  I (216. 9nm),  Hn  I (279. Snm,  403. Inm),  Mg  I 
(285. 2nm)  ana  Cu  (32T’.7nm).  The  plots  are  linear  and.  In  most  cases, 
have  a slope  of  1.0.  Dynamic  ranges  vary  from  2 to  5 orders  of  magnitude. 

Both  Mn  (279. 50"')  a-fid  Mg  (2v.5*2nm)  affected  by  Instability  In  the 

strong  OH  spectral  background  features  which  overlap  these  lines,  causing 
a decrease  In  dynamic  range  and  v'orsenlng  in  detection  limit  for  both  elements. 

Figure  5 shows  aa.  '.ytj,^..!  calibration  curves  for  easily  Ionized  elements, 
specifically,  Ca  Il(393.4nm),  Ga  I (422. 7nm),  and  Na  (589. Onm).  The  curve 
for  Ga  I (422. 7nm)  is  typical  of  many  elements}  the  upper  end  of  the  dynamic 
range  Is  limited  presumably  by  tne  excitation  of  calcium  atoms  to  higher 
excited  states,  necessitating  the  use  of  other  lines.  It  was  expected  the 
Ca  would  be  appreciably  Ionized  In  this  plasma,  and  so  one  Ca  II  line  was 
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examined.  The  curve  for  the  Ga  II  (393*^nm)  line  Is  reasonably  linear  | 

and  has  a slope  of  1,08.  Clearly  the  high  excitation  capability  of  this  | 

plasma  Hould  necessitate  the  examination  of  a number  of  Ca  lines  for  the 

optimum  SNR  and  dynamic  range  for  an  analysis  to  be  realized.  \ 

I 

It  was  necessary  to  add  100  yg/ml  Rb  to  each  Na  standard  solution  to  | 

I, 

obtain  data  for  the  Na  (589.0nm)  analytical  curve.  The  bendlng-off  of  the  ' 

curve  Is  assumed  to  be  caused  by  self -absorption  by  atoms  exiting  at  the 
cooler  viewing  end  of  the  chamber. 

Detection  Limits  Table  III  compares  detection  limits  obtained  for 
a number  of  elements  using  the  new  helium  MIP  with  those  cited  in  recent 

i 

publications  (11,  12).  The  new  MIP  detection  limits  compare  well  with  those  ^ 

obtained  with  both  single-shot  and  continuous  nobullzatlon  sample  Injection  ■ 

MIP  systems.  Significantly,  the  detection  limits  obtained  on  the  present  ' 

single-shot  He  MIP  system  were  calculated  on  the  basis  of  the  lut  sample  | 

aliquot  actually  used,  and  therefore  represent  routinely  obtainable  values.  | 

Interferences  MIPs  have  been  noted  to  be  affected  by  the  introduction  | 

of  relatively  large  amounts  of  sample  material  ( /^lyg  absolute).  However,  ! 

the  new  plasma  resialned  ignited  during  injection  of  sample  material  up  to 
the  maximum  amount  atomlzable  from  the  mlcroarc  used,  about  5^8  absolute.  Of 
course,  the  relative  standard  deviation  of  the  measured  signal  degrades 
as  larger  and  larger  amounts  of  material  are  atomized  into  the  plasma j 
however,  the  plasma  remains  ignited  and.  In  that  sense,  proves  to  be  a 
significantly  more  durable  source  than  many  previous  MIPs. 

As  suggested  earlier.  Ionization  Interferences  are  expected  In  any  | 

MIP,  and  In  the  new  plasma  a significant  amount  of  Ionization  of  any  easily  j 
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ionlzable  elemant  (e.g.  Ca,  Na,  Ll)  appecirs  to  occur.  As  In  Bost  determinations, 
an  Ionization  suppressant  can  be  employed  to  overcome  such  Interferences. 

F^arth'er  examination  of  Ion  emission  lines  Is  warranted  to  determine  their 
analytical  utility. 

Refractory  elements,  such  as  A1  and  SI,  have  been  found  to  exert 
little  effect  on  analyte  signals  In  the  plasma.  This  result  Is  not  unexpected 
In  view  of  the  use  of  the  microajrc  sample  atomizer  (4).  However,  further 
Investigations  of  solute  vaporization  Interferences  aure  necessary  and  are 
currently  underway. 
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CONCLUSIONS 

'X/V'V/'V'W'W'V/X/^ 

The  atmospheric  pressure,  helium  microwave-induced  plasma  generated 
In  the  cavity  designed  by  Beenakker  (l)  Is  a durable,  stable,  and  highly 
efficient  excitation  source  for  emission  spectrometry  of  metallic  elements. 

It  Is  easy  to  Ignite  and  operate  and  uses  low  volumes  of  inert  support 
gas.  Moreover,  the  cavity  does  not  require  cooling.  Although  injected 
material  does  lead  to  reduced  excitation  efficiency  and  Increased  Instability, 
this  MIP  exhibits  a significant  Improvement  over  other  versions  of  microwave - 
induced  plasma  In  Its  tolerance  of  sample  and  solvent  material.  The  high 
temperature  of  the  new  plasma  leads  to  Increased  Ionization  and  population 
of  higher  excited  states;  this  result  requires  careful  choice  of  emission 
lines  to  be  used  for  analytical  nBasurement,  Dynamic  background  correction 
should  prove  useful  with  this  plasma  for  the  elimination  of  broaulband 


molecular  emissions. 
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FIGURE  CAPTIONii 


1.  Diagram  of  2450  MHz  Microwave  Resonant  Cavity.  Inside  cavity  dlameter- 
9.25c«.  Cavity  material -copper  (hatched  area).  Quartz  sleevo-7m*  o.d., 
5ma  l.d. 

2.  Diagram  of  Quartz  Plasma  Chamber.  Tubing  Is  3®®  l.d.,  5®®  o.d.  and  fits 
Inside  quartz  sleeve  of  Figure  1. 

3.  Schematic  Diagram  of  Instrumental  Array 

4.  Analytical  Calibration  Curves  for: 

a.  Zn  I (213. 8nm) 

b.  Pb  I (216. 9nm) 

c.  Mn  I (279. 5nm) 

d.  Gu  I (324. 7nm) 

e.  Mg  I (285 .-2*®) 

f.  Mn  I (403. Inm) 

5.  Analytical  Calibration  Curves  for: 

a.  Na  I (589. Onm) 

b.  Ga  Il(393.4nra) 

c.  Ca  I (422. 7nm) 
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TABLE  I Moat  Prondnent  Background  Spectral  Featuraa  In  the  Atmoapherlc- 
Pressure  Helium  MIP 


originating  Species 
NO 


OH 


NH 


N 


2 


Wavelength(nn) 

Transition 

rA^£'*’-x^  n] 

205.24 

(2,0) 

215.49 

(1.0) 

226.94 

(0,0) 

237.02 

(0.1) 

247.8? 

(0,2) 

259.57 

(0.3) 

281.13 

(1.0) 

287.53 

(2,1) 

294.52 

(3.2) 

306.36 

(0,0) 

[A^  n -x^  1 ~\ 

336.00 

(0,0) 

337.09 

(1,1) 

357.69 

[^P  -B^P^  ] 
u ® 

(0,1) 

375.9* 

(1,3) 

380,49 

(0,2) 

TABLE  II  He  I Ealssion  Lina  Data  Used  for  Calculating  Excitation  Teaperaturee 


X(na) 

E (cm  ^ ) 

«k 

Aik  (*  10‘® 

388.8 

185  565 

9 

.09478 

501.5 

186  210 

3 

.1338 

'*71.3 

190  298 

3 

.106 

504.7 

190  940 

1 

.0665 

447.1 

191  445 

15 

.251 

492.1 

191  447 

5 

.202 

396.4 

191  493 

3 

.0717 

412.0 

193  347 

3 

.430 

443.7 

193  663 

1 

.0313 

402.6 

193  917 

15 

.117 

438.7 

193  918 

5 

.0907 

416.8 

195  115 

1 

.0176 

381.9 

195  260 

15 

.0589 

383.3 

197  213 

5 

.00971 

a.  From  ref,  10. 


TABLE  III 

Detection  Liaits  Obtained  with 

the  New  MIP  (pg, 

) 

Elenent 

Wavelength  (nm) 

»He  MIP 

*^Ar  MIP 

c 

other  SystesB 

An 

213.8 

0.35 

9.2 

1. 0-6.0 

Pb 

216.9 

0.56 

3.8 

50 

Mu 

279.5 

0.46 

- 

- 

403.1 

20 

- 

5-40 

Mg 

285.2 

0.85 

0.45 

50 

Cu 

324.7 

0.42 

1.6 

5.0 

Ca 

422.7 

1.6 

10 

50 

Ca.* 

393.4 

1100 

- 

- 

Na 

589.0 

0.12 

0.01 

10 

a.  lvj!l  sample  aliquot 

b.  lOpe 

sample  aliquot, 

p -arc 

Atomizer. 

Taken  from  ref. 

4. 

c.  calculated  for  10  pt 

sample  aliquot.  Taken  from  refs. 

11  and  12. 
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